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Summary
This body of research uses numerical and experimental investigative techniques to further
the understanding of autoignition. Hydrogen/nitrogen and methane/air fuel configurations of
turbulent lifted flames in a vitiated coflow burner are used as model flames for this investigation.
Characterisation was undertaken to understand the impact of controlling parameters and the
overall behaviour of the flames, and to provide a body of data for modelling comparisons.
Modelling of the flames was conducted using the PDF-RANS technique with detailed
chemistry incorporated using In-situ Adaptive Tabulation (ISAT) within the commercial CFD
package, FLUENT 6.2. From these investigations, two numerical indicators for autoignition
were developed: convection-reaction balance in the species transport budget at the mean flame
base; and the build-up of ignition precursors prior to key ignition species. These indicators
were tested in well defined autoignition and premixed flame cases, and subsequently used with
the calculated turbulent lifted flames to identify if these are stabilised through autoignition.
Based on learnings from the modelling, a quantitative, high-resolution simultaneous imag-
ing experiment was designed to investigate the correlations of an ignition precursor (formalde-
hyde: CH2O) with a key flame radical (OH) and temperature. Rayleigh scattering was used to
measure temperature, while Laser Induced Fluorescence (LIF) was used to measure OH and
CH2O concentrations. The high resolution in the Rayleigh imaging permitted the extraction
of temperature gradient data, and the product of the OH and CH2O images was shown to be a
valid and useful proxy for peak heat release rate in autoigniting and transient flames.
The experimental data confirmed the presence of formaldehyde as a precursor for autoigni-
tion in methane flames and led to the identification of other indicators. Sequenced images of
CH2O, OH and temperature show clearly that formaldehyde exists before OH and peaks when
autoignition occurs, as confirmed by images of heat release. The CH2O peaks decrease later
while those of OH remain almost unchanged in the reaction zone.
iii

Acknowledgements
This work is supported by the Australian Research Council and the US Air Force Office
of Scientific Research Grant No. F49620-00-1-0171. Aspects of this research were conducted
using the resources of the Cornell Theory Center (CTC), which receives funding from Cornell
University, New York State, federal agencies, foundations, and corporate partners.
I would like to thank my supervisor, Professor Assaad Masri, without whose guidance and
support, none of this work would have been possible. Further thanks are extended to Professor
Stephen Pope (Cornell University, USA), for providing me with the opportunity to work as a
visiting researcher at Cornell University, and utilise the resources of the CTC.
My various co-authors are all thanked for their tireless work, and for stimulating debate on
the topics we have covered: Prof. Pope, Graham Goldin (FLUENT, Inc.), Dr. Sten Stårner (The
University of Sydney), Prof. Bob Bilger (The University of Sydney), Prof. Epaminondas Mas-
torakos (Cambridge University, UK) and Matthew Dunn (The University of Sydney). Thanks
also to Graham Goldin for providing permission to use and reproduce the code in Appendix
C, and to Prof. Mastorakos for providing permission to reproduce and reference the laminar
transient flame calculations in Appendix J.
Steve Lantz (Cornell University, USA) I thank for his patience and help in co-ordinating
and trouble-shooting the work at CTC, which involved hundreds of runs across more than 200
dual-processor Windows machines.
My co-worker in the Sydney University Combustion Laboratory, Matthew Dunn, deserves
particular thanks for the six months we worked flat out side-by-side to develop and execute the
three-scalar imaging experiment described in this body of work. His commitment to detail and
tireless nature enabled us to clear every hurdle, and at the end of the day, perform science.
Lastly and most importantly I thank my wife, Larissa, for everything.
v

Contents
Summary iii
Acknowledgements v
List of Figures xv
Nomenclature xxix
Roman . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xxix
Greek . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xxxi
Superscripts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xxxii
Subscripts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xxxii
Notation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xxxii
Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xxxiii
Chapter 1 Introduction 1
Chapter 2 Background 5
2.1 Lifted Flames . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Autoignition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3.1 RANS-PDF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3.2 Mixing Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.3 Upwinding, Pressure Interpolation and Pressure-Velocity Coupling . . . . . . . . 13
2.4 Investigations of the Vitiated Coflow Burner (VCB) . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.5 Laser Diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.5.1 Laser Doppler Velocimetry (LDV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5.2 Rayleigh Temperature Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
vii
viii CONTENTS
2.5.3 Laser Induced Fluorescence (LIF) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Chapter 3 The Vitiated Coflow Burner 21
3.1 Vitiated Coflow Burner (VCB) Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.1.1 Flow Metering and Supply . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.1.2 Safety Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 Design Modifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.1 Coflow Supply . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.2 Fuel Jet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.3 Hydrogen Pilot Flame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.4 Coflow Extension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2.5 Seeding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.3 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
Chapter 4 Flame Characteristics 31
4.1 Flame Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.2 Liftoff Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2.1 Definitions of Liftoff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2.2 Hydrogen-Nitrogen Flame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2.3 Methane-Air Flame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3 Flame Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.4 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.4.1 Fuel Jet Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.4.2 Coflow Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.4.3 Coflow Temperature and Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.4.4 Wind Tunnel Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.5 Flowfield Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.5.1 Methane Flame Velocity Profiles (VIS_CNG_Uc53Uj100_1420) . . . . . . . . . . 50
Chapter 5 RANS-PDF Calculations 55
5.1 Code. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.2 Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
CONTENTS ix
5.2.1 Mixing Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.2.2 Turbulence Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.2.3 Detailed Chemical Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.3 Test Cases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.3.1 Autoignition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.3.2 Premixed Flame Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.4 Autoignition Indicators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.5 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.5.1 Test Cases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.5.2 Flame Cases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.6 Numerical Issues and Accuracy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.6.1 Grid Independence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.6.2 Time Averaging. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.6.3 Noise Filtering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.6.4 ISAT Error Tolerance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.7 Measuring Liftoff Height Numerically . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
Chapter 6 Hydrogen Flame Modelling 79
6.1 Parametric Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.2 Modelling Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.3 Autoignition Indicators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.3.1 Indicator 1: Species Transport Budgets of Convection, Diffusion and
Reaction (CDR Budgets) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.3.2 Indicator 2: ‘Time History’ of Radical Concentrations . . . . . . . . . . . . . . . . . . . . 88
6.3.3 Validation of Indicators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.4 Results: CDR Budgets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
6.4.1 Case 1: PDF_H2N2_Uc35Uj107_1030 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
6.4.2 Case 2: PDF_H2N2_Uc35Uj107_1045 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.4.3 Case 3: PDF_H2N2_Uc35Uj107_1080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.5 Results: Time History of Radical Concentrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
x CONTENTS
6.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
Chapter 7 Methane Modelling 101
7.1 Flame Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.1.1 Parametric Study of Chemical Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.1.2 Radial Profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
7.1.3 Scatter Plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
7.1.4 Investigation of Minor Species Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
7.2 Autoignition Indicators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
7.2.1 Test Cases — Buildup of Species Concentrations . . . . . . . . . . . . . . . . . . . . . . . . . 109
7.2.2 Test Cases — CDR Budgets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
7.2.3 Turbulent Lifted Flame Cases — Buildup of Species Concentrations . . . . . . . 112
7.2.4 Turbulent Lifted Flame Cases — CDR Budgets . . . . . . . . . . . . . . . . . . . . . . . . . . 114
7.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
Chapter 8 Experimental Setup 119
8.1 Lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
8.2 Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
8.3 Flow Meters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
8.4 Flames . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
Chapter 9 Image Processing 129
9.1 Pre-processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
9.2 Rayleigh Temperature Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
9.2.1 Development of a Fuel with Rayleigh Cross-section equal to that of the
Coflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
9.2.2 Laminar Flame Simulation Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
9.2.3 Processing Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
9.3 OH-LIF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
9.4 CH2O-LIF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
9.5 Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
9.5.1 Comparison to Experimental Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
CONTENTS xi
Chapter 10 Experimental Results — Hydrogen Flame 145
10.1 Mean Profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
10.2 Examples of Instantaneous Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
10.3 Scatter Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
10.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
Chapter 11 Experimental Results — Methane Flame 159
11.1 Comparison Flames . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
11.1.1 Bunsen Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
11.1.2 Lifted Diffusion Flame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
11.2 Typical Images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
11.3 Mean Profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
11.4 CH2O as an Ignition Precursor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
11.5 Instantaneous Image Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
11.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
Chapter 12 Experimental Indicators for Autoignition 177
12.1 Peak Heat Release Rates in Autoigniting Transient Flames . . . . . . . . . . . . . . . . . . . . 177
12.2 Temperature Gradients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
12.3 Images of Heat Release Rate and Temperature Gradient . . . . . . . . . . . . . . . . . . . . . . . 179
12.3.1 Bunsen Flame Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
12.3.2 Lifted Diffusion Flame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
12.3.3 Autoigniting Flames . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
12.4 Scatter Plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
12.4.1 Peak Heat Release Rate versus (T )2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
12.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
Chapter 13 General Discussion 195
13.1 Limitations of the RANS-PDF Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
13.1.1 Molecular Processes and Mixing Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
13.1.2 Mean Species Transport Budgets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
13.2 Limitations of the Experimental Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
xii CONTENTS
13.2.1 Time Series Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
13.2.2 Hydrogen Flame Precursors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
13.2.3 Alternative Stabilisation Theories. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
13.2.4 Out-of-plane Fluid Motion and 2-D Imaging of 3-D Structures . . . . . . . . . . . 201
13.3 A Model Problem for Premixed Flame Propagation. . . . . . . . . . . . . . . . . . . . . . . . . . . 203
13.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
Chapter 14 Conclusions and Recommendations 205
Bibliography 209
Appendix A Thermocouple Voltage Conversion 223
A.1 Main Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
A.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
Appendix B Detailed Chemical Mechanisms 231
B.1 GRI2.11 Hydrogen Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
B.2 Mueller-Dryer Hydrogen Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233
B.3 Li-Dryer Hydrogen Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
B.4 ARM2 Methane Mechanism with NOx . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242
B.5 DRM22 Methane Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
B.6 Mallampalli 5-Step Methane Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
B.7 Skeletal Methane Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
B.8 Smooke Methane Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
Appendix C User Defined Function for CDR Budget 255
Appendix D Flow Meter Settings 269
Appendix E OH Quenching and Rayleigh Cross-section Simulation 281
E.1 Rayleigh Cross-Section Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281
E.2 OH Quenching and Vibrational Transfer Coefficient Calculations . . . . . . . . . . . . . . . 282
Appendix F Image Processing Equations 287
F.1 Relative Rayleigh Cross-Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
CONTENTS xiii
F.1.1 Initial estimates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301
F.2 OH Quenching Coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301
F.2.1 Experiment: IMG_HeO2_3Sc_0.43 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304
F.2.2 Experiment: IMG_HeO2_3Sc_0.40 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 306
F.2.3 Experiment: IMG_HeO2_3Sc_0.38 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 308
F.2.4 Experiment: IMG_HeO2_2Sc_0.43 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310
F.2.5 Experiment: IMG_HeO2_2Sc_0.40 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311
F.2.6 Experiment: IMG_HeO2_2Sc_0.38 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313
F.2.7 Experiment: IMG_CNG_TLF_0.43 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315
F.2.8 Experiment: IMG_CNG_TLF_0.40 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
F.2.9 Experiment: IMG_CNG_TLF_0.38 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319
F.2.10 Experiment: IMG_CNG_Premixed_3Sc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
F.2.11 Experiment: IMG_CNG_Premixed_2Sc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322
F.2.12 Experiment: IMG_H2N2_TLF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324
F.2.13 Experiment: IMG_CNG_Bunsen_3Sc, Φ = 0.8–1.2 . . . . . . . . . . . . . . . . . . . . . . 325
F.2.14 Experiment:IMG_CNG_Bunsen_3Sc, Φ =1.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . 326
F.2.15 Experiment: IMG_CNG_Bunsen_3Sc, Φ =2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . 328
F.2.16 Experiment: IMG_CNG_Bunsen_3Sc, Φ =4.76 . . . . . . . . . . . . . . . . . . . . . . . . . 329
F.2.17 Experiment: IMG_CNG_Bunsen_3Sc_Diff . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331
Appendix G Image Processing Code 335
G.1 Main Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335
G.2 OH Throughput . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
G.3 OH Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
G.4 CH2O Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354
G.5 Mask Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 358
G.6 Rayleigh Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 360
G.7 Processing DLL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 364
Appendix H Additional Hydrogen Flame Images 375
Appendix I Additional Methane Flame Images 381
xiv CONTENTS
Appendix J Transient Laminar Autoignition Simulations 397
J.1 Autoignition of Laminar Flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 397
J.1.1 CH2O x OH vs. Heat Release Rate for Transient Autoigniting Flames . . . . . . 400
J.1.2 Heat Release Rate versus OH Mole Fraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403
List of Figures
3.1 The Berkeley VCB (left) showing cooling coils and fitted with a spray nozzle and a
schematic of the burner (right). 23
3.2 Schematic of the coflow assembly and flashback chamber (reproduced from the VCB
Design Pack). 23
3.3 Pictures of the Sydney VCB. Left is the original design, with the gas fuel tube fitted.
Right is an image of the burner with the tapered collar fitted and extended wind
tunnel. 26
3.4 Mean Rayleigh images at the coflow-shroud interface for a variety of shroud veloci-
ties. Images center at 360 mm downstream, 2.5 cm offset from jet centerline. Images
are 1.3 cm by 2.2 cm. 27
4.1 A schematic of the definition of liftoff height used in this thesis. The mean liftoff
height is the location of steepest axial gradient (marked b) along a line drawn through
the most upstream point where the signal of the marker first increases above some
threshold above background (marked a). 37
4.2 Liftoff characteristics for the H2/N2 flame versus coflow temperature (top), fuel jet
bulk velocity (middle) and coflow mean velocity (bottom). Liftoff measured from
visible chemiluminescence. 39
4.3 Methane flame liftoff height versus coflow temperature for three coflow velocities.
Each plot shows lines for three fuel jet bulk velocities. Liftoff measured from visible
chemiluminescence. 41
4.4 Methane flame liftoff height versus fuel jet bulk velocity (top) and coflow velocity
(bottom). Liftoff measured from visible chemiluminescence. 43
xv
xvi LIST OF FIGURES
4.5 Methane flame liftoff height for fuel jet tube diameters of 3 and 4.45 mm. Top graph
is plotted for non-dimensional distance x/D. Bottom graph is plotted in millimeters.
Liftoff measured from visible chemiluminescence. 44
4.6 Liftoff heights for the hydrogen-nitrogen flame series PDF_H2N2_Uc35Uj107 (left)
and the methane-air flame series PDF_CH4_ARM2 (right) marked with crossed cir-
cles. Liftoff for the new marked series measured from mean OH mass fraction. 45
4.7 Coflow velocity magnitude (left) and RMS velocity (right) for three nominal coflow
velocities. 47
4.8 Radial profiles of the extent of the coflow shroud for the reacting and non-reacting
cases. 48
4.9 Profiles of mean and RMS axial velocity for the reacting (left) and non-reacting
(right) cases of VIS_CNG_Uc53Uj100_1420. 50
4.10 Profiles of normalised excess velocity and RMS for the reacting (left) and non-
reacting (right) cases of VIS_CNG_Uc53Uj100_1420. 51
4.11 Axial profiles of the normalising quantities U0 and r1/2. 51
4.12 Radial profiles of mean axial velocity measured from seeding the fuel stream (top
lines) and the coflow stream (bottom lines). 53
5.1 Comparison of axial mean and RMS velocity profiles calculated with C1 = 1.44 and
1.6, and measured velocity 57
5.2 Domain of the one dimensional plug flow reactor (top). The flame autoignites in the
hot fuel mixture at some location determined by the autoignition delay and the inlet
velocity. A sketch of the mean temperature is shown (bottom). 60
5.3 Domain of the counter-flow premixed burner. The flame is stabilized close to the
stagnation plane by a counter flow of gases at the adiabatic flame temperature of the
fuel and of equilibrium composition. 60
5.4 Computational domains for the hydrogen case. Left is the original domain used
in Masri (2004). Right is the refined domain for calculating the species transport
budgets. 65
LIST OF FIGURES xvii
5.5 Computational domain for the methane case 67
5.6 Plots of mean and RMS velocity and mixture fraction at x/D = 40, coflow temperature
1355 K for the three methane case grids. 69
5.7 Richardson regression plots of mean velocity, temperature and mixture fraction for
5, 10, 20 and 50 particles per cell. X-axis is the inverse of the number of particles per
cell. Thick dashed line shows least squares fit to data. Values with zero bias are taken
as the linear extrapolation of this line to zero (i.e.as NPC→ ∞). Horizontal dotted
lines indicate ± 5 % of zero bias value. Error bars indicate ± 1 standard deviation
from the data point. Data are taken at x/D = 40 and r/D = 2. 71
5.8 An example of the impact of the application of a 4th order noise filter 8 times to the
species transport budget terms for the H intermediate for a lifted flame with a coflow
temperature of 1045 K. The profiles are taken along an axial line at r/D = 1.7. Left:
raw data; right: filtered data 73
5.9 Mean temperature conditional on stoichiometric mixture fraction versus axial posi-
tion for the six chemistries investigated: ARM2, DRM22, GRI2.11, Skeletal, 5-step
and Smooke. Data are plotted for calculations at ISAT error tolerances between
1.0 x 10−4 to 1.0 x 10−7, as indicated.
∗ The Smooke cases were calculated for a flame with Tcoflow = 1500 K, due to the
longer ignition delay of this mechanism. 74
5.10 A comparison of liftoff heights for a series of methane flames when defined by dif-
ferent methods. The ‘steepest OH gradient’ and ‘midpoint of C2H2/C2H4’ methods
are as described in the text. 77
6.1 Liftoff height of the hydrogen flame as it responds to variations in the parameters
of coflow temperature, fuel and coflow velocity, fuel temperature, coflow turbulence
intensity and the modelling constant C1. 81
6.2 Locations of the flames selected for further study, marked (a), (b), and (c), corre-
sponding to coflow temperatures of 1030 K, 1045 K and 1080 K respectively. 82
xviii LIST OF FIGURES
6.3 Mean species mass fractions of OH, O (LHS), H2O and excess H2O (RHS) for
PDF_H2N2_Uc35Uj107_1030 (top), _1045 (middle), and _1080 (bottom). Plots are
taken along r/D = 3.0, 1.7 and 1.0 respectively. Boxed regions denote stabilization
reaction zones. Experimental data taken at r = 5.5 and 8 mm. 84
6.4 Axial plots of mixture fraction, temperature, excess temperature and velocity for
PDF_H2N2_Uc35Uj107_1030 (left), _1045 (middle), and _1080 (right). Boxed re-
gion denotes stabilization reaction zones. Experimental data are taken at r = 5.5 and
8 mm 85
6.5 Species transport budgets of H2O, H and HO2 for (a) 1-D autoignition along the cen-
terline of the domain, and (b) 2-D counter-flow premixed flame along the symmetry
plane. The sum of the budget terms is plotted as a thin dashed line. 90
6.6 Normalised profiles of mean temperature, and mean mass fractions of the intermedi-
ates H, O, OH, H2O2, and HO2 for (a) 1-D autoignition along the centerline of the
domain, and (b) 2-D counter-flow premixed flame along the symmetry plane. The
bottom plots are enlargements of the mass fraction profiles at the initiation of species
production. 91
6.7 Species transport budgets of excess H2O, H and HO2 for PDF_H2N2_Uc35Uj107_1030.
The sum of the budget terms is plotted as a thin dashed line. 93
6.8 Species transport budgets of excess H2O, H and HO2 for PDF_H2N2_Uc35Uj107_1045.
The sum of the budget terms is plotted as a thin dashed line. 94
6.9 Species transport budgets of excess H2O, H and HO2 for PDF_H2N2_Uc35Uj107_1080.
The sum of the budget terms is plotted as a thin dashed line. 95
6.10 Normalised mean mass fractions of intermediates H, O, OH, H2O2, and HO2 for
PDF_H2N2_Uc35Uj107_1030 (top), _1045 (middle), and _1080 (bottom). Plots on
the RHS are enlargements of the region close to the mean flame base. 97
LIST OF FIGURES xix
7.1 Lift-off height versus coflow temperature for six chemical mechanisms and experi-
mental data from Cabra et al. (2005). Previous experimental results are plotted for
comparison. The two flames investigated further are marked (a) and (b) and have
coflow temperatures of 1355 K and 1430 K, respectively. 102
7.2 Numerical and experimental values for mean and RMS temperature and mixture frac-
tion at x/D = 1. Numerical data taken from PDF_CH4_ARM2_1380. 103
7.3 Radial profiles for PDF_CH4_ARM2_1380 of mean and RMS temperature and mix-
ture fraction compared to experimental data from the Berkeley VCB Methane Site
(2003). 105
7.4 Radial profiles of mean and RMS velocity for PDF_CH4_ARM2_1380, compared to
LDV data from Chapter 4. 106
7.5 Mean and RMS OH mass fraction for PDF_CH4_ARM2_1380, compared to exper-
imental data of Berkeley VCB Methane Site (2003). 106
7.6 Scatter plots for PDF_CH4_ARM2_1380 of temperature (left) and OH mole fraction
(right) compared to experimental data from the Berkeley VCB Methane Site (2003).
Pure mixing line (dashed) and adiabatic/equilibrium lines (solid) are shown for ref-
erence. Stoichiometric mixture fraction is 0.17. 107
7.7 Scatter plots for PDF_CH4_ARM2_1355 of temperature (left) and OH mole frac-
tion (right) compared to PDF_CH4_GRI211_1355. Pure mixing line (dashed) and
adiabatic/equilibrium lines (solid) are shown for reference. Stoichiometric mixture
fraction is 0.17. 108
7.8 Conditional mean and RMS of mass fractions of OH and ignition precursor species
CH3, CH2O, CO, HO2 and H2O2 for PDF_CH4_ARM2_1355 (open square) com-
pared to PDF_CH4_GRI211_1355 (solid circle). 109
7.9 Normalised mean mass fractions of OH, CH3, CH2O, CO, C2H6, C2H4, C2H2, HO2,
and H2O2 (top), and species transport budget of CH2O (bottom) for (a) 1-D Auto-
ignition along the centerline of the domain, and (b) 2-D counter-flow premixed flame
along the symmetry plane. 110
xx LIST OF FIGURES
7.10 Axial profiles for (a) PDF_CH4_ARM2_1355, and (b) PDF_CH4_ARM2_1430 of
normalized mean mass fractions of OH, CH3, CH2O, CO, C2H6, C2H4, C2H2, HO2,
and H2O2. Profiles are taken along an axial line passing through the mean flame base,
at r/D = 4.5 for (a) and r/D = 2.5 for (b). 113
7.11 Species transport budget of CH4, CO2, OH and CH2O for (a) PDF_CH4_ARM2_1355,
and (b) PDF_CH4_ARM2_1430. Profiles are taken along an axial line passing
through the mean flame base, at r/D = 4.5 for (a) and r/D = 2.5 for (b). 115
7.12 Species transport budget plots along stream line and axial line for OH and CH2O for
PDF_CH4_ARM2_1430. 116
7.13 Axial profiles for PDF_CH4_ARM2_1380 (LHS), and PDF_CH4_ARM2_1405 (RHS)
of normalized mean mass fractions of OH, CH3, CH2O, CO, C2H6, C2H4, C2H2,
HO2, and H2O2 . Profiles are taken along an axial line passing through the mean
flame base, at r/D = 4.0 and r/D = 3.0 respectively. 117
8.1 Layout of the three scalar imaging experiment 120
8.2 Normalised fluorescence signal from a scan of the P1(2) absorption line. Overlaid
lines for Gaussian and Lorentzian curve fits. 121
8.3 Liftoff height versus coflow temperature for the Hydrogen/Nitrogen experiment. Solid
circles are temperature measured via the thermocouple. Open circles are Rayleigh
temperature. 126
8.4 Liftoff height versus coflow temperature for the methane series of experiments. 128
9.1 A comparison of liftoff heights for the CNG-Air and the helium-replacement fuels. 133
9.2 Laminar flame simulations of relative Rayleigh cross-section versus temperature for
CNG mixing with coflow combustion products (LHS) and a fuel mixture of CNG and
pure methane with helium and oxygen (RHS). The latter fuel mixture has the same
relative cross-section as the coflow gasses. The strain-extinguished cases are more
accurately frozen mixing, due to the nature of the calculations. 134
LIST OF FIGURES xxi
9.3 An example of the variation in collisional environment for OH versus temperature,
calculated from laminar opposed flow flame simulations. The fuel composition is that
of the helium replacement fuel at 320 K, and the oxidiser stream is the equilibrium
coflow composition at 1400 K. The OH quenching coefficients Q24, Q31, and the
vibrational transfer coefficient V41 are plotted for an unstrained case. V23 = V41. The
strained curves are omitted due to similarity to the unstrained curves. 139
9.4 Comparison between normalized CH2O profiles through a Φ = 1.2 Bunsen flame,
processed as labeled. 140
9.5 Scatter of OH mole fraction versus temperature from the Berkeley VCB website (left)
and current experimental work (right) at 50 D for a liftoff height = 35 D CNG-Air
flame. 143
10.1 Mean and RMS profiles for IMG_H2N2_TLF_6.45 of temperature and OH mole
fraction versus data from Berkeley VCB Hydrogen Site (2003). Axial location re-
ported in brackets is for data from IMG_H2N2_TLF_6.45. 146
10.2 A series of images from IMG_H2N2_TLF_6.45. Images of OH mole fraction, tem-
perature and (T )2 from top to bottom. Image window 9 x 18 mm. 148
10.3 A sequence of images taken at 9 diameters for IMG_H2N2_TLF_6.45, showing the
variety of structures that can exist upstream of the mean stabilisation location. Image
window 9 x 18 mm. 150
10.4 Set of images from IMG_H2N2_TLF_6.55. Each image group is from top to bottom:
OH mole fraction; Temperature (K); and (T )2. Images are centered horizontally at
4.5 D. Image window is 9 x 18 mm. 151
10.5 OH images from IMG_H2N2_TLF_6.55. Colour scale has been reduced to 2.5 x 10−4
to show detail near fuel jet exit. Images are centered horizontally at 4.5 D. 152
10.6 Scatter of OH mole fraction versus temperature and (T )2 for IMG_H2N2_TLF_6.45
progressing axially downstream as labeled. Open diamonds: unstrained laminar sim-
ulation; Crosses: strained laminar simulation. 154
xxii LIST OF FIGURES
10.7 Scatter of OH mole fraction versus temperature and (T )2 for a variety of flame
structures present at the stabilisation zone (x/D = 13) of IMG_H2N2_TLF_6.45.
Open diamonds: unstrained laminar simulation; Crosses: strained laminar simulation.
155
11.1 Image examples, from left to right, of Bunsen flames of Φ = 0.8, 0.9, and 1.0. From
top to bottom, images are OH mole fraction, CH2O-LIF, and Rayleigh Temperature.
Image dimensions are 9 mm by 18 mm. 161
11.2 Image examples, from left to right, of Bunsen flames of Φ = 1.1, 1.2 and 1.5. From
top to bottom, images are OH mole fraction, CH2O-LIF, and Rayleigh Temperature.
Image dimensions are 9 mm by 18 mm. 161
11.3 Image examples, from left to right, of Bunsen flames of Φ = 2.0, and 4.76, and a
diffusion flame. From top to bottom, images are OH mole fraction, CH2O-LIF, and
Rayleigh Temperature. Image dimensions are 9 mm by 18 mm. 162
11.4 Image examples from IMG_CNG_Diff_3Sc (liftoff height 6.5 D). First two images
are of the flame base, last image is 2 D downstream, displaying the flame wall. From
top to bottom, images are OH-LIF, CH2O-LIF, and Rayleigh Temperature (processed
with constant cross-section). Image dimensions are 9 mm by 18 mm. Jet centerline
is marked with a dashed white line. 163
11.5 Image examples from IMG_HeO2_3Sc_0.43 at the liftoff location of 22.5 D. From
top to bottom: OH Mole fraction, CH2O, and temperature. Images are 9 mm by
18 mm. Jet centerline is 4 mm left of viewing window. 165
11.6 Image examples from IMG_HeO2_3Sc_0.40 at the liftoff location of 43 D. From top
to bottom: OH Mole fraction, CH2O, and temperature. Images are 9 mm by 18 mm.
Jet centerline is 4 mm left of viewing window. 166
11.7 Image examples from IMG_HeO2_3Sc_0.38 at the liftoff location of 56 D. From top
to bottom: OH Mole fraction, CH2O, and temperature. Images are 9 mm by 18 mm.
Jet centerline is 4 mm left of viewing window. 167
LIST OF FIGURES xxiii
11.8 Normalised axial profiles of temperature, OH and CH2O for IMG_HeO2_3Sc_0.43
(top), PDF_CH4_ARM2_1430 (middle), and IMG_CNG_Diff_3Sc (the lifted diffu-
sion flame). 168
11.9 Image examples from IMG_HeO2_3Sc_0.43 of structures as labeled. From top to
bottom: OH Mole fraction, CH2O, and temperature. Flame features in white ellipses.
Examples of ‘Border’ Flames are visible in the first 4 images (dashed boxes). Images
vertically centered at x = 22 D, except for ‘Downstream Flame’ (32 D). Images are
9 mm by 18 mm. Jet centerline is 4 mm left of viewing window. 172
11.10 Pseudo-temporal evolution of CH2O and OH versus temperature conditioned by
flame structures. 174
12.1 Heat release rate (top) compared to the product of OH and CH2O (bottom) versus
mixture fraction for transient autoignition flamelets undergoing strain as labeled. 178
12.2 Image examples, from left to right, of a stoichiometric premixed Bunsen flame, a
Bunsen flame with Φ = 1.5, and a diffusion Bunsen flame. From top to bottom, im-
ages are OH mole fraction, CH2O-LIF, Rayleigh temperature, the product of the OH
and CH2O images, and (T )2. Image dimensions are 9 mm by 18 mm. 180
12.3 Image examples from IMG_CNG_Diff_3Sc. First two images are of the flame base,
last image is 2 D downstream, displaying the flame wall. From top to bottom, im-
ages are OH-LIF, CH2O-LIF, Rayleigh temperature (processed with constant cross-
section), the product of the OH and CH2O images (a proxy for heat release rate),
and (T )2. Image dimensions are 9 mm by 18 mm. Jet centerline is marked with a
dashed white line. 182
12.4 Image examples from a lifted autoigniting flame with liftoff height = 20 D of CH2O
only, small and medium kernels. Examples of ‘border’ flames are marked with a
white dashed box. From top to bottom, images are OH mole fraction, CH2O-LIF,
Rayleigh temperature, the product of the OH and CH2O images (a proxy for heat
release rate), and (T )2. All images are vertically centered at x = 22 D. Image
dimensions are 9 mm by 18 mm. Jet centerline is 4 mm to the left of the viewing
window. 183
xxiv LIST OF FIGURES
12.5 Image examples from a lifted autoigniting flame with liftoff height = 20 D of a large
kernel, a flame at the liftoff location, and a fully developed flame 10 D downstream
of the liftoff location. An example of a ‘border’ flame is marked with a dashed box
in the first image set. From top to bottom, images are OH mole fraction, CH2O-LIF,
Rayleigh temperature, the product of the OH and CH2O images (a proxy for heat
release rate), and (T )2. All images are vertically centered at x = 22 D, except for
‘Downstream Flame’. Image dimensions are 9 mm by 18 mm. Jet centerline is 4 mm
to the left of the viewing window. 184
12.6 Scatter of the product of OH and CH2O versus temperature (top) and versus OH mole
fraction (bottom) for Bunsen flames with Φ = 1.0, 1.5, and in diffusion mode. Grey
symbols in the upper plots are data from unstrained laminar opposed flow simulations
at the respective stoichiometry. 186
12.7 Scatter of the product of OH and CH2O versus temperature (top) and versus OH
mole fraction (bottom) for the flame base, peak reaction tip, and established flame of
a lifted diffusion flame. Steady laminar flame simulations represented with symbols. 187
12.8 Scatter of the product of OH and CH2O versus temperature (top) and versus OH mole
fraction (bottom) for small, medium and large kernels at the liftoff location of a lifted
autoigniting flame (Lh = 20 D). Dark grey diamonds: conditional means, light grey
symbols: steady strained laminar flame. 188
12.9 Scatter of the product of OH and CH2O versus temperature (top) and versus OH mole
fraction (bottom) for border and established flames at the liftoff location, and estab-
lished flames 10 D downstream for a lifted autoigniting flame (Lh = 20 D). Dark grey
diamonds: conditional means, light grey symbols: steady strained laminar flame. 189
12.10 Scatter of the product of OH and CH2O versus (T )2 for flames as indicated in
graph titles. 190
12.11 Scatter of the product of OH and CH2O versus (T )2 for large kernels from the
liftoff location of a lifted autoigniting flame (Lh = 20 D), coloured by temperature.
LHS is full data set, RHS is only the data for super-equilibrium OH (> 6 x 10−3 mole
fraction). 192
LIST OF FIGURES xxv
13.1 Scatter of the product of OH and CH2O versus (T )2 for methane flames as indi-
cated in graph titles. 201
H.1 Examples of images from IMG_H2N2_TLF_6.55 taken from the liftoff height (top)
and just below the liftoff height (bottom). Each image group is from top to bottom:
OH mole fraction; temperature (K); and (T )2. Image window is 9 x 18 mm. 376
H.2 Examples of images from IMG_H2N2_TLF_6.45 taken from the liftoff height (top)
and just below the liftoff height (bottom). Each image group is from top to bottom:
OH mole fraction; temperature (K); and (T )2. Image window is 9 x 18 mm. 377
H.3 Examples of images from IMG_H2N2_TLF_6.35 taken from the liftoff height (top)
and just below the liftoff height (bottom). Each image group is from top to bottom:
OH mole fraction; temperature (K); and (T )2. Image window is 9 x 18 mm. 378
H.4 Examples of images from IMG_H2N2_TLF_6.30 taken from the liftoff height (top)
and just below the liftoff height (bottom). Each image group is from top to bottom:
OH mole fraction; temperature (K); and (T )2. Image window is 9 x 18 mm. 379
I.1 Image examples of CH2O only. From top to bottom, images are OH mole fraction,
CH2O-LIF, Rayleigh temperature, the product of the OH and CH2O images (a proxy
for heat release rate), and (T )2. Image titles indicate where and from which flame
the image was captured. Image dimensions are 9 mm by 18 mm. Jet centerline is
4 mm to the left of the viewing window. 383
I.2 Image examples of Small Kernels. From top to bottom, images are OH mole fraction,
CH2O-LIF, Rayleigh temperature, the product of the OH and CH2O images (a proxy
for heat release rate), and (T )2. Image titles indicate where and from which flame
the image was captured. Image dimensions are 9 mm by 18 mm. Jet centerline is
4 mm to the left of the viewing window. 385
xxvi LIST OF FIGURES
I.3 Image examples of Medium Kernels. From top to bottom, images are OH mole
fraction, CH2O-LIF, Rayleigh temperature, the product of the OH and CH2O images
(a proxy for heat release rate), and (T )2. Image titles indicate where and from
which flame the image was captured. Image dimensions are 9 mm by 18 mm. Jet
centerline is 4 mm to the left of the viewing window. 387
I.4 Image examples of Large Kernels. From top to bottom, images are OH mole fraction,
CH2O-LIF, Rayleigh temperature, the product of the OH and CH2O images (a proxy
for heat release rate), and (T )2. Image titles indicate where and from which flame
the image was captured. Image dimensions are 9 mm by 18 mm. Jet centerline is
4 mm to the left of the viewing window. 389
I.5 Image examples of Border Flames. From top to bottom, images are OH mole frac-
tion, CH2O-LIF, Rayleigh temperature, the product of the OH and CH2O images (a
proxy for heat release rate), and (T )2. Image titles indicate where and from which
flame the image was captured. Image dimensions are 9 mm by 18 mm. Jet centerline
is 4 mm to the left of the viewing window. 391
I.6 Image examples of Liftoff Flames. From top to bottom, images are OH mole fraction,
CH2O-LIF, Rayleigh temperature, the product of the OH and CH2O images (a proxy
for heat release rate), and (T )2. Image titles indicate where and from which flame
the image was captured. Image dimensions are 9 mm by 18 mm. Jet centerline is
4 mm to the left of the viewing window. 393
I.7 Image examples of Downstream Flames. From top to bottom, images are OH mole
fraction, CH2O-LIF, Rayleigh temperature, the product of the OH and CH2O images
(a proxy for heat release rate), and (T )2. Image titles indicate where and from
which flame the image was captured. Image dimensions are 9 mm by 18 mm. Jet
centerline is 4 mm to the left of the viewing window. 395
J.1 Evolution of CH2O (left) and OH (right) for a transient autoignition flamelet. 399
J.2 A comparison of evolution of mass fractions of CH2O (left) and OH (right) for three
differently strained flames, with N0 = 5 (top), 50 (middle) and 100 (bottom). 400
LIST OF FIGURES xxvii
J.3 Heat release rate (top) compared to the product of OH and CH2O (bottom) versus
mixture fraction for a transient autoignition flamelet. 401
J.4 Product of OH and CH2O versus heat release rate at different strain rates. 402
J.5 Product of OH and CH2O versus OH for a transient autoignition flamelet at different
strain rates. 404

Nomenclature
Roman
Symbol Definition Units
a Strain rate parameter s−1
A12 Einstein coefficient of spontaneous emission s−1
b Bias
B12 Einstein coefficient of absorption m2.(J.s)−1
c Constant
C1 First experimental constant from the  transport equation
C2 Second experimental constant from the  transport equation
Cφ Mixing model constant
Cμ Modelling constant from the turbulent viscosity model
D Diameter m, mm
E Error
f Mixture fraction
fb Boltzmann fraction
F Fluorescence intensity counts
IRayleigh Rayleigh Image
I Laser Intensity J.cm−2
I Turbulence intensity %
k Turbulent kinetic energy m2.s−2
Krefl Zero cross-section reflection image
l Turbulence length scale m
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Symbol Definition Units
m, MW Molecular weight kg.mol−1
n Refractive index
N Number of particles (mixing models)
Na Avogadro’s Number
NPC Number of particles per cell
NTA Number of steps in the time average
N(f) Scalar dissipation rate distribution in mixture fraction
p Pressure kPa, Atm, Bar
P Probability Density Function (PDF)
Pr Prandtl number
Q24 Quenching coefficient from ν ′=0
Q31 Quenching coefficient from ν ′=1
r Radial distance m, mm
Re Reynolds number
Ru Universal gas constant J.K−1.mol−1
S Chemical source term
Sc Schmidt number
SL Laminar flame speed m.s−1
t Time s
T Temperature K
u Velocity m.s−1
U Velocity m.s−1
Vij Vibrational transfer coefficient
V Voltage V
x Axial distance m, mm
X Mole fraction
Y Composition array
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Symbol Definition Units
Y Mass fraction
Greek
Symbol Definition Units
α Scattering angle rad
δij Kronecker delta
 Turbulent Dissipation Rate m2.s−3
η Throughput efficiency
φ Diameter m
Φ Equivalence ratio
λ Wavelength nm, cm−1
μ Dynamic viscosity kg.(m.s)−1
ν Vibrational state
ν Kinematic viscosity m2.s−1
τ Time scale s−1
ρ Density kg.m−3
ρ0 Depolarization ratio
σ RANS modelling constants
σi Relative Rayleigh cross-section for species i
ξ Uniform random number
ψ Composition array
Ω Solid angle srad
xxxii NOMENCLATURE
Superscripts
0 Original state
1 New state
Subscripts
air Values taken in room temperature air
coflow Values taken in the coflow of the VCB
flame Values taken in the flame
 Pertaining to turbulent dissipation rate
i Value for species i
j Values taken in the fuel jet of the VCB
k pertaining to turbulent kinetic energy term, k
o Excess velocity
stoich, s Stoichiometric value
T, t Turbulent
v vertically polarised
Notation
〈p〉 Conventional mean of p
〈p|q〉 Mean of p conditional on q
[p] Concentration, mole fraction of p
p Delta - difference or change in value in p
p Gradient operator
p Average
p˜ Favre average
p˙ Rate operator
ABBREVIATIONS xxxiii
Abbreviations
2Sc Two Scalar experiment
3Sc Three Scalar experiment
BD Beam Dump
BG Black Glass
CCD Charge Coupled Device
CDR Convection, Diffusion, Reaction
CFD Computational Fluid Dynamics
CL Cylindrical Lens
CMC Conditional Moment Closure
CNG Compressed Natural Gas
DNS Direct Numerical Simulation
EDC Eddy Dissipation Concept
EMST Euclidian Minimum Spanning Tree
FWHM Full Width Half Maximum
HCCI Homogenous Compressed Charge Ignition
HeO2 Helium-Oxygen replacement for air
HRR Heat Release Rate
ICCD Intensified Charge Coupled Device
IEM Interaction by Exchange with the Mean
I/I Image Intensifier
IMG Image
ISAT In-situ Adaptive Tabulation
LDV Laser Doppler Velocimetry
LES Large Eddy Simulation
LHS Left Hand Side
LIF Laser Induced Fluorescence
LSF Line Spread Function
MC Modified Curl’s
xxxiv NOMENCLATURE
Nd:YAG Neodinium doped Yttrium Aluminium Garnet crystal laser
PAH Polycyclic Aromatic Hydrocarbons
PDF Probability Density Function
PDL Pumped Dye Laser
PISO Pressure-Implicit with Splitting of Operators
PMT Photo Multiplier Tube
PRESTO! PREssure STaggering Option
RANS Reynolds Averaged Navier Stokes
QE Quantum Efficiency
RHS Right Hand Side
RMS Root Mean Squared (square root of variance)
RR Heat Release Rate
SHG Second Harmonic Generator
SL Spherical Lens
SLM Standard Liters per Minute
SNR Signal to Noise Ratio
SRF Step Response Function
SS Stainless Steel
Tant. Tantalum
THG Third Harmonic Generator
TLF Turbulent Lifted Flame
TNF Turbulent Nonpremixed Flame
UV Ultra Violet
VCB Vitiated Coflow Burner
VIS Visible luminescence experiment
